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INTRODUCTION
The DNA damage response (DDR) is constantly scanning chromatin for genomic lesions (1) (2) (3) (4) (5) . In the event DNA damage is detected, the DDR signals the lesion's presence, mediates downstream repair, and arrests cell growth until chromatin restoration is complete (6) (7) (8) .
Following induction of a DSB, the ataxia-telangiextasia mutated (ATM) kinase localises to the lesion to regulate cell cycle arrest and signal recruitment of repair factors to the damaged chromatin (2, (9) (10) (11) (12) . This includes the RNF8 E3 ubiquitin-protein ligase (11, (13) (14) (15) (16) , which initiates ubiquitin signalling at the lesion that is essential for recruitment of additional repair factors such as 53BP1 (16) (17) (18) . In addition, the DDR also recruits proteins to the repair locus that contribute to chromatin decompaction or nucleosome eviction (3, 13, 19) . Paradoxically, factors mediating chromatin compaction, such as heterochromatin protein 1, also localise to DSBs to facilitate repair (20) (21) (22) (23) . Currently it remains unclear how these contrasting chromatin dynamics coincide at a DSB repair locus, and how this impacts chromatin macrostructure elsewhere in the nucleus. Interrogating DDR-dependent chromatin dynamics requires a technology capable of simultaneously probing chromatin structure at DNA lesions and throughout the entire nucleus, during the entirety of the DNA repair process.
The most basic feature of chromatin structure is the nanometre spacing (2-50 nm) between nucleosomes (24) (25) (26) . Given that the scale of this structural subunit is below the diffraction limit of optical and most super resolution imaging modalities (27) , the rearrangements in chromatin structure during the DDR are rendered 'invisible'. To get around this technical hurdle, fluorescence recovery after photobleaching (FRAP) (24), single-particle tracking (SPT) (28, 29) , and fluorescence correlation spectroscopy (FCS) (30, 31) have been employed to measure molecular diffusion within the chromatin landscape and indirectly probe chromatin nanostructure (32) (33) (34) (35) . These methods, however, do not directly observe chromatin compaction during DNA repair. What is needed to visualise changes in chromatin architecture is an experimental means to directly observe chromatin organisation in live cells, at the level of nucleosome packaging, throughout the entirety of the nuclear volume, and for the duration of the DDR.
To bridge this experimental gap, here we establish the phasor approach to fluorescence lifetime imaging microscopy (FLIM) of Förster resonance energy transfer (FRET) interaction between fluorescently labelled histones. FRET is exquisitely sensitive to fluorophore proximity and can report on changes in nucleosome spacing when the core histone H2B is individually tagged to donor and acceptor fluorophores (36) (37) (38) . By coupling this readout of chromatin structure with DSB induction using near infrared (NIR) laser micro-irradiation (35, 39) , we are able to directly measure nanometre changes in chromatin compaction at a DNA damage site versus globally throughout the nucleus. Furthermore, because phasor analysis enables fit free quantification of spectroscopic properties recorded in each pixel of an image (40-42), FRET maps of chromatin foci are amenable to image correlation spectroscopy (ICS) (43). ICS is a general approach to quantitate fluorophore distribution within an image (44-47) and phasor transformation of local image correlation functions (PLICS) uncovers heterogeneity within fluorophore number, size and spatial distribution (47). Therefore, in the context of histone FRET, phasor-based ICS enables nuclear wide chromatin organisation to be spatiotemporally characterised at the level of nucleosome proximity and in live cells.
In this study we use phasor-ICS analysis of histone FLIM-FRET in HeLa cells stably coexpressing low levels of H2B-eGFP and H2B-mCherry (Hela H2B-2FP ) to investigate how chromatin architecture is organised at DSBs by the DDR. We find that following DSB induction with a NIR laser, ATM and RNF8 regulate chromatin decompaction at the damage site coupled with formation of a surrounding stable ring of compacted chromatin. Correlation of chromatin architecture with measurements of 53BP1 accumulation and mobility reveal that DNA repair activity is restrained to the decompacted chromatin environment at the lesion, and that the surrounding compact chromatin ring demarcates the DNA repair locus from the nuclear environment whilst controlling 53BP1 mobility. Collectively, these data reveal how chromatin architecture is organised by the DDR and demonstrate that phasor ICS analysis of histone FLIM-FRET is amenable to the study of local and global chromatin dynamics under conditions of physical, pharmacological or genetic alteration.
RESULTS

Phasor analysis of chromatin compaction in live cells using FLIM-FRET microscopy
To assay chromatin compaction at the level of nucleosome proximity, we generated HeLa H2B-2FP cells stably co-expressing histone H2B-eGFP and histone H2B-mCherry (Fig 1a,   Supplementary Fig. 1 ). Tagged histone cDNAs were transduced via retrovectors, selected for transgene expression, and cells sorted for low eGFP and mCherry expression to minimise the impact of exogenous transgene expression on cellular function. Stable co-expression of both histones into chromatin was confirmed by live cell imaging ( Supplementary Fig. 1a ), which also revealed no increase in underlying genome instability or mitotic abnormalities in HeLa H2B-2FP ( Supplementary Fig. 1b-f ).
Using HeLa H2B-2FP we established a workflow of FLIM-FRET data acquisition and phasor lifetime analysis to quantify the local chromatin compaction status within each pixel of a HeLa H2B-2FP nucleus. FRET detects molecular interaction within 1-10 nm and the efficiency of energy transfer between a donor and acceptor molecule is exquisitely sensitive to distance (48, 49). Increasing FRET efficiency in HeLa H2B-2FP corresponds to a reduced spacing between nucleosomes containing H2B-eGFP (donor) and nucleosomes containing H2B-mCherry (acceptor) (graphically depicted in Fig. 1b) . FRET efficiency can be quantified by measurement of the fluorescence lifetime of H2B-eGFP, as this property is increasingly quenched upon closer interaction with H2B-mCherry. Therefore, in HeLa H2B-2FP a reduced H2B-eGFP fluorescence lifetime corresponds with increased chromatin compaction as nucleosomes move into closer proximity.
To measure the fluorescence lifetime of H2B-eGFP in each pixel of an HeLa H2B-2FP nuclei, we used 2-photon excitation on a laser-scanning confocal microscope equipped with time resolved detection. To translate fluorescence lifetime into FRET efficiency, we employed phasor analysis (graphically depicted in Fig. 1c ). Phasor analysis transforms the fluorescence lifetime recorded in each pixel of a FLIM image into a two-dimensional coordinate system (g, s) (40, 41). When these coordinates are placed in a single phasor plot, the phasor coordinates derived from each pixel give rise to a series of clusters which fingerprint all the measured FRET efficiencies within a FLIM image. Specifically, pixels in a HeLa H2B-2FP nucleus which contain compacted chromatin, and therefore exhibit a reduced H2B-eGFP fluorescence lifetime, have an increasingly right shifted phasor value (Fig. 1c) .
The phasor method enables quantitation of FRET in each pixel of a FLIM image and spatially maps the different chromatin states throughout a HeLa H2B-2FP nucleus. To establish the dynamic range of chromatin compaction states detectable in our experimental system, we treated HeLa H2B-2FP with the histone deacetylase inhibitor Trichostatin A to loosen chromatin structure (32) , or the transcriptional inhibitor Actinomycin D to compact the chromatin network (50) (Fig. 1d, Supplementary Fig. 2 ). Phasor coordinates recorded from the FLIM data in untreated and treated cells were collated into a single phasor plot (Fig. 1e ) and found to detect varying degrees of chromatin compaction between a fluorescence lifetime of 2.5 ns (TSA treatment, low compaction) and 2.0 ns (Actinomycin D treatment, high compaction). This lifetime change corresponds to a 0 to 21% change in FRET efficiency and enables us to respectively define the phasor location of 'open' versus 'compacted' chromatin. These parameters were used throughout this study to define and pseudo-colour heterogeneous chromatin compaction states recorded in each pixel of a FLIM acquisition (Fig. 1f, g ). Fig. 3 ) (35) .
Chromatin compaction is spatiotemporally controlled during the DNA damage response
These settings were used for the remainder of the experimentation described below.
For all experiments we measured fluorescence intensity (Fig. 2a) and lifetime ( Fig. 2b ) of H2B-eGFP in each pixel of a HeLa H2B-2FP nucleus immediately before DSB induction, immediately after DSB induction (T=0) and at regular intervals for the following six hours. Laser microirradiation can photo-bleach H2B-eGFP at the damage site. However, given that the fluorescence lifetime of H2B-eGFP is independent of concentration, this artefact does not impact on FRET determination of chromatin compaction (49, 53). From the FLIM maps derived during the DDR (Fig. 2b) we observed that immediately after NIR laser microirradiation, chromatin compaction is induced at the damage site (red pixels). Then, within the following hour a compacted chromatin architecture propagates outward to form a border surrounding a central region of open chromatin at the DNA lesion (Fig. 2c) .
To quantify the temporal progression of chromatin compaction at the DNA damage site, and any potential changes in global chromatin network organisation, we next quantified the fraction of pixels in a compacted state inside and outside of the NIR treated ROI (Fig. 2d ). This revealed: (1) the fraction of pixels with compact chromatin inside the NIR treated locus sharply increased in the first 30 min after DSB induction and persisted for up to 3 hours (Fig. 2e) , and (2) there was no significant change in the percentage of pixels with compact chromatin in the nuclear wide undamaged chromatin network outside of the NIR treated ROI (Fig. 2f) . While informative, this analysis masks spatial rearrangement in compact chromatin foci localisation at the DNA damage site. Interrogation of the spatiotemporal dynamics that underlie rearrangement of compact chromatin foci into a local border surrounding an opened DNA lesion ( Fig. 2c ) required development of analytical tools capable of quantifying the temporal stability and spatial reorganisation of compact chromatin in a single cell over time.
Image correlation analysis of FRET quantifies global chromatin network organisation.
To quantify the stability, size, and spacing of compact chromatin foci we first extracted the coordinates of pixels in a high FRET state within a FLIM acquisition ( Fig. 3a-b ). This derived a spatial map of compact chromatin localisation (τH2B-eGFP= 2.0 ns, Fig. 3c ). To identify which of these compact chromatin foci persist in a cell over time, we then developed a novel image correlation analysis method termed longevity analysis ( Fig. 3d-f) . In longevity analysis a moving average is applied across a time series of chromatin compaction maps derived from FLIM-FRET data ( Fig. 3d) to produce a longevity map (graphically presented in Fig. 3e ).
Because the source localisation images are binary, the amplitude recorded in each pixel directly reports how long a structure persists in time. Longevity analysis therefore enables us to extract and spatially map stable versus dynamic compact chromatin foci (Fig. 3f, left) , and provides a quantitative read-out of chromatin network dynamics that can be tracked throughout the nucleus for the entirety of the DDR (Fig. 3f, right) .
Longevity analysis identifies when and where compact chromatin foci undergo a rearrangement. However, it does not reveal how compact chromatin spatially redistributes within a given time window. To visualise this, we established an additional method based on a phasor transformation of local image correlation functions (also termed "PLICS") (47) to uncover the size and spacing between compact chromatin foci ( Fig. 3g-i) . PLICS analysis starts with a localised spatial autocorrelation analysis within square (m x m) matrices that surround each pixel (i,j) in a derived chromatin localisation map (graphically presented in Fig. 3h ). This gives rise to a series of two-dimensional autocorrelation functions (ACFs) that when collapsed into a one-dimensional decay, describe the size of the objects centred at that pixel. The local ACF in each pixel is then transformed into a set of phasor coordinates (g, s), which when placed in a single phasor plot identify the different sized compact chromatin structures (top row, Fig.   3h ). The phasor coordinates corresponding to different sized compact chromatin foci are then pseudo-coloured and spatially mapped back to the source image (bottom right, Fig. 3h ).
Next, we extended PLICS analysis to a novel "inverse PLICS (iPLICS)" approach that enabled us to identify the spacing between compact chromatin clusters ( Supplementary Fig. 4a ). Here the negative of a chromatin compaction map is first derived. Then, when these data are analysed through the PLICS workflow, we calculate localised two-dimensional spatial correlation functions that when collapsed into a one-dimensional ACF describe the characteristic spacing between structures within a square (m x m) matrix. Transforming each decay into phasor coordinates (g, s) enables us to identify spacing between compact chromatin foci and pseudocolour the source image. To demonstrate the feasibility of PLICS and iPLICS, we simulated an image containing circular binary structures with a diameter of 3 pixels that were evenly spaced by 8 pixels (Supplementary Fig. 4b ), and correctly recovered the size and spatial distribution of these structures ( Supplementary Fig. 4c ). Thus, when PLICS and iPLICS were applied to the unirradiated HeLa H2B-2FP nucleus shown in Figure 3g , we were able to detect compact chromatin foci between 0-620 nm (Fig. 3i, left) with an average compact chromatin foci size of 305 nm and spacing of 485 nm between structures (Fig 3i, right) . Collectively these parameters characterise the nuclear wide spatial organisation of local chromatin compaction.
Uniform induction and heterogenous resolution of chromatin organisation in the DDR
We applied the longevity, PLICS, and iPLICS workflow to phasor FLIM-FRET datasets from NIR irradiated HeLa H2B-2FP cells (Fig 4a) . Longevity analysis was performed using a moving average of 10 min during the first hour after NIR irradiation (Fig. 4b) , and every hour for six hours post irradiation ( Supplementary Fig. 5a,b) . This revealed the strong induction of a stable and compact chromatin border around the damage site, particularly 10-30 min post-irradiation (Fig 4b) . Plotting stable compact chromatin foci revealed the chromatin network is more dynamic during the first 30 min after DSB induction, before stabilising by 60 min (Fig. 4c) .
Notably, while a stable compact chromatin border was uniformly generated in all cells analysed within the first 30 min following irradiation, we observed inter-cell heterogeneity in resolution of this structure over the course of six hours ( Supplementary Fig. 5c ).
Applying PLICS and iPLICS to the same data set revealed that in the first 30 min following NIR laser irradiation there was an increase in the size of compact chromatin foci surrounding the NIR treated ROI (Fig. 4d-f ). This local chromatin reorganisation gave rise to an overall increase in the detected compact chromatin foci size (left panel of (Fig. 4f) . Thus, the stable chromatin border detected by longevity analysis at the perimeter of the DNA damage site arises from a local increase in chromatin foci size.
ATM and RNF8 regulate DDR-dependent chromatin dynamics
To probe DDR-dependent regulation of chromatin architecture, we inhibited key DDR enzymes and measured the impact on chromatin dynamics following DSB induction. For these experiments we inhibited ATM kinase with the potent and specific inhibitor KU-55933 (54).
Additionally, we used CRISPR/Cas9 to genetically delete RNF8 in HeLa Longevity analysis revealed that both ATM inhibition and RNF8 deletion disrupted formation of the stable chromatin border surrounding the damage site (Fig 5d) . ATM inhibition and RNF8 deletion also altered global compact chromatin stability over the six-hour imaging duration following DSB induction (Fig 5e) . Specifically, KU-55933 conferred the gradual accumulation of stable compact chromatin foci throughout the nucleus with no geographical connection to the NIR treated ROI, while RNF8 deletion resulted in more dynamic chromatin throughout the experiment. Likewise, PLICS and iPLICS analysis revealed that both KU-55933 and RNF8
KO suppressed the increase in compacted chromatin foci size in the first 30 min after break induction ( Fig. 5f ). Over the course of the experiment, ATM inhibition corresponded with a persistent and gradual increase in compact chromatin foci size and reduced spacing throughout the nucleus, irrespective of the damage site (green curves, Fig. 5g-h ). Whereas RNF8 KO cells fluctuated between significant increases and decreases in compact chromatin foci size and spacing, without exhibiting any trend (red curves, Fig. 5g-h ). Together, these results demonstrate ATM and RNF8 to spatiotemporally regulate chromatin decompaction and compaction activities at the DSB locus and the surrounding global chromatin network organisation. We note that the nuclear wide gradual increase in chromatin compaction with KU-55933 treatment is a phenotype that after DSB induction continued independent of damage location. We anticipate this reflects an off-target effect of KU-55933, or a cellular response to acute ATM inhibition independent of the cellular response to DSBs.
Chromatin architecture demarcates DSB repair locus boundaries
To determine how chromatin architecture at DSBs relates to the local DNA repair environment, we correlated the spatial localisation of compact chromatin in HeLa H2B-2FP with eGFP-53BP1 mobility and localisation in parental HeLa cells. To do so, we measured 53BP1 mobility by pair correlation analysis: a branch of spatiotemporal correlation spectroscopy demonstrated previously in a study of Ku-GFP dynamics during DSB repair (35) . Pair correlation is based on the acquisition of fluctuations in fluorescent intensity in each pixel of a line scan (34, 55, 56) . From spatial cross correlation of pairs of fluorescent fluctuations located outside and inside a DSB site, the mobility of a fluorescently tagged DNA repair factor within or adjacent to a lesion can be determined (35) . For these experiments, HeLa parental cells were transiently transfected with eGFP-53BP1. eGFP-53BP1 location and mobility were then monitored before and during the first hour after DSB induction via NIR laser micro-irradiation using the exact settings employed for the FLIM-FRET experiments above. The eGFP-53BP1 data in parental HeLa cells were then correlated to observed chromatin dynamics in HeLa H2B-2FP (Fig. 6a, b) .
Quantitation of chromatin compaction along a line intersecting the NIR laser treated focus in HeLa H2B-2FP confirmed that chromatin is rapidly compacted immediately after break induction, and that by thirty minutes the compact chromatin macrostructure had propagated outward to form the surrounding compact chromatin ring (Fig. 6c, top row) . Immediately following break induction, eGFP-53BP1 accumulated at the NIR-laser treated locus, reaching maximum intensity by 30 min (Fig. 6c, middle row) . Notably the radial spread of eGFP-53BP1 was constrained at the boundary of the surrounding compact chromatin border.
We then plotted 53BP1 movement by performing pair correlation across the same line intersecting the NIR laser treated focus. These data revealed increased eGFP-53BP1 mobility at the break immediately following DNA damage (Fig. 6c , bottom row). By thirty minutes, eGFP-53BP1 mobility was constrained to the interface of the compact chromatin border, with mobility declining by sixty minutes. Notably, eGFP-53BP1 mobility superimposes spatiotemporally with outward propagation of the compact chromatin border and spread of eGFP-53BP1 accumulation. Also, ATM inhibition and RNF8 deletion in parental HeLa suppressed eGFP-53BP1 localisation and mobility at the damage site (Fig. 6d) . Within the context of chromatin architecture, eGFP-53BP1 accumulated in the decompacted chromatin internal to the break while being excluded from the compact chromatin surrounding the laser treated ROI. We interpret these data to indicate that establishment of a transient compact chromatin border demarcates the repair locus from the surrounding chromatin environment.
DISCUSSION
In this study we established a biophysical method to measure chromatin organisation in live cells using the phasor approach to FLIM-FRET analysis of fluorescently labelled histones.
Coupling this technology with laser micro-irradiation and a novel analysis workflow enabled us to identify the DDR-dependent chromatin architectural changes that occur with DSBs. We found that ATM and RNF8 regulate chromatin decompaction at break sites, coupled with formation of a compact chromatin border that physically demarcates the repair locus and modulates 53BP1 mobility.
A major advance of this study is that the imaging and analysis tools we have developed enable local chromatin structure to be measured on a nuclear wide scale in a living cell, whilst maintaining sensitivity toward heterogeneity of individual chromatin foci dynamics during the DNA damage response. We achieved this through phasor analysis of FLIM and image correlation spectrums. Phasor provides a fit-free solution that does not require a priori knowledge of system complexity (40, 47). Instead, phasor analysis of histone FLIM-FRET directly maps the chromatin compaction status at each pixel, independent of the multitude of potential compaction states. This in turn enabled us to extract the localisation of specific chromatin foci, assess their temporal stability by longevity analysis, and characterise spatial organisation in terms of individual chromatin foci size or spacing by PLICS and iPLICS. Thus, by applying our technique to the DDR we could generate high-resolution spatiotemporal maps of compacted chromatin status surrounding DSBs which are not achievable through other analytical tools. While our method does not supply the sequence information that is provided by ChiP-seq or 3C-based methods, it does enable spatiotemporal chromatin compaction analysis in a single cell over time, which is not possible with current sequencing techniques.
Together our longevity and PLICS analysis revealed the uniform alteration of chromatin architecture within the first thirty minutes following damage induction, which is consistent with a highly regulated process. Resolution of chromatin architecture occurs thereafter with cell to cell heterogeneity over three to six hours. This is consistent with the kinetics of DDR focus resolution and in agreement with resolution of chromatin alteration at DSBs occurring with completion of repair. We anticipate resolution heterogeneity reflects differing cell to cell repair kinetics, dependent upon the genetic location where breaks occurred, the cell cycle, or other unknown factors (57) (58) (59) . Critically, it suggests that DDR-dependent changes in chromatin architecture are tightly regulated through the repair process from break induction to repair completion. Additionally, these observations identify that our analysis is sufficiently sensitive to monitor single cell heterogeneity in chromatin macrostructure.
Correlation between our phasor FLIM-FRET and eGFP-53BP1 pair correlation analysis provided insight into the relationship between chromatin architecture and establishment of the repair focus. Immediately following break induction, 53BP1 is highly mobile at the damage site. By thirty minutes, 53BP1 accumulation had maximised and its mobility declined within the decompacted chromatin interior of the repair focus. At the same time, 53BP1 motility was observed only at the interface of the expanding compact chromatin border. These data are consistent with 53BP1 binding to the decompacted chromatin as this substrate becomes available with outward expansion of the compact chromatin border. Mobility of 53BP1 is high at the chromatin border as this protein continues to localise to the break, but its binding is restricted within the compact chromatin environment. We interpret these findings to signify that the compacted chromatin boundary serves to distinguish the decompacted repair locus from the remainder of the nucleus.
The significance of this physical separation of the repair locus from the surrounding environment may provide an important function to the DNA repair process. Chromatin decompaction and nucleosome eviction is proposed to ease access of DNA repair factors to their DNA substrate and increase repair kinetics (3, 20, 60) . Conversely, the compacted chromatin border excludes 53BP1 retention, and may also inhibit the spurious binding of other DNA repair factors. We also predict the compacted chromatin border likely contributes to DDR-dependent transcriptional inhibition, which is predicted to halt passage of RNA polymerases through a DDR locus to enable efficient repair [14, 20] . DDR-dependent transcriptional silencing occurs in cis and is dependent upon ATM and RNF8 (11, 61) . This is consistent with our observation that formation of the compact chromatin border surrounding the damage focus is ATM and RNF8-dependent.
Consistent with their key function in the DDR, we identified that ATM and RNF8 regulate chromatin architecture at NIR laser-induced DSBs. RNF8-dependent chromatin decompaction is also consistent with a role for this protein in regulating the local chromatin environment to promote assembly of checkpoint and repair machineries at DNA lesions (62) . As RNF8 activity and chromatin ubiquitylation is essential for 53BP1 binding (18) , our data suggest the interior decompacted chromatin environment coincides with the domain of ubiquitylated chromatin at the break. Cumulatively our data provide a macrostructural understanding of how chromatin architecture is arranged at the DDR focus. Further they imply that ATM and RNF8 regulation of a compact chromatin border serves to demarcate and arrange the repair locus to simultaneously balance DNA repair factor accumulation and potentially transcriptional shutdown of neighbouring genes.
In conclusion, phasor histone FLIM-FRET analysis coupled with laser micro-irradiation enabled us this study of DDR-dependent chromatin dynamics with unprecedent spatiotemporal resolution at the single cell level. Whilst we focused on the DDR in this study, the methodology presented here is agnostic to research topic, and as we have shown is easily combined with physical, pharmacological or genetic manipulation of the underlying system. As chromatin dynamics underlie a wide range of biological functions, we anticipate the analytical tools presented here are widely applicable and will contribute to advancing our understanding of how genomes work in the context of living cells.
METHODS
Plasmids for cell line and vector generation
pLXSN H2B-mCherry was as kind gift from Laure Crabbe (63 Chromatin compaction was induced with 5 μg ml -1 Actinomycin D, as shown previously to stop class III transcription (Sigma) (50). Chromatin decompaction was induced with 400 nM Trichostatin A (Abcam) (32) . For RNF8 clone screening, cells were subjected to ionizing radiation using a Gammacell 3000 Elan (Best Theratronics).
Generation of HeLa
H2B-2FP
pLXSN H2B-mCherry and pWZL H2B-wGFP retrovectors were created by transfecting 
Generation of RNF8 Knock out clones
pLentiCRISPRv2-RNF8-2 lentivectors were created in the Children's Medical Research
Institute Vector and Genome Engineering Facility (Sydney, Australia) as described previously (66) . RNF8 was deleted in HeLa or HeLa H2B-2FP by transducing cultures with pLentiCRISPRv2-RNF8-2 vectors at a MOI of 100 and selecting with 1 µg/mL puromycin for two days. Single cells were plated into individual wells in 96-well plates at the WIMR Flow cytometry centre, and cultures expanded for 14 days before freezing. Following continued expansion, clones were screened for inhibited 53BP1 recruitment to γ-H2AX foci by irradiating cells with 1 GY ionizing radiation and immunofluorescence staining as described below.
Clones negative for 53BP1 recruitment were screened for genetic alteration by PCR amplifying the targeted locus using the RNF8 screen infusion forward and reverse primers and cloning the PCR products into PmeI (New England Biolabs) digested pcDNA3.1 (Thermofisher) using Infusion cloning. Plasmids were sequenced with RNF8 sequence forward, and Clones C4 and D5 verified to contain gene disruptive mutations in all three RNF8 alleles in HeLa were used for further experimentation.
FLIM-FRET microscopy.
All FLIM-FRET data was acquired with a Zeiss LSM 880 laser scanning microscope coupled 
FLIM-FRET analysis
The fluorescence decay recorded in each pixel of a FLIM image was quantified by the phasor approach to lifetime analysis. As described in previously published papers, the decay in each pixel of a FLIM frame image is transformed into its sine and cosine components which are then represented in a two-dimensional polar plot (phasor plot), according to equations 1 and 2:
where ω is the laser repetition angular frequency (2πf) and the indexes i and j identify a pixel of the image. Each pixel of the FLIM image thus gives rise to a single point (phasor) in the phasor plot and when used in reciprocal mode, enables each point of the phasor plot to be mapped to each pixel of the FLIM image. Since phasors follow simple vector algebra, it is possible to determine the fractional contribution of two or more independent molecular species coexisting in the same pixel. Thus, in the case of two independent species, all possible weightings give a phasor distribution along a linear trajectory that joins the phasors of the individual species in pure form. 
PLICS analysis
To investigate the size and spacing between chromatin foci localised in a phasor FRET map, similar to longevity analysis, we first extracted the x-y coordinates of pixels in an 'open' or 'compacted' chromatin state. Then from the resulting binary images we applied the PLICS approach. PLICS (Phasor analysis of Local Image Correlation Spectroscopy) consists of computing the spatial autocorrelation function (ACF) of a small region of the image, compute its angular average and transform the resulting curve in the phasor space. Successively, the phase coordinate of the transformed local ACF is stored and is used to characterize the ACF shape, which is linked to the size of the local structures. This approach is iteratively applied in order to analyse the entire image, providing a mapping of the size of the structures. Since the analysis involves binary images, the distance between two structures is merely the amount of empty space between them, therefore applying PLICS to the negative of the binary image provides a direct measurement of the distance between the structures. We will refer to this analysis as to iPLICS (inverse PLICS). The average values are displayed as the mean and standard deviation of the values of the size and distance maps. For the binary images analysed in this work, a 12x12 PLICS moving mask is used in order to obtain local size of the binary regions, while the negative of the binary image has been analysed with a 36 x 36 moving mask in order to characterize the distance between the structures. A dedicated calibration has been employed to extract the size of the binary regions by simulating binary circles with varying diameter, the details of the calibration procedure for an arbitrary function and the complete characterization of the technique are described in (47). The chromatin localisation maps were generated from SimFCS and the PLICS / iPLICS analysis routine, which can size and spacing of chromatin foci within a time series of chromatin localisation maps, was implemented in Matlab (The Mathworks, Natick, MA).
Laser micro-irradiation and FLIM-FRET microscopy during the DDR
For all micro-irradiation experiments the 2-photon Ti:Sapphire laser (80fs, repetition rate 80MHz, Spectra-Physics Mai Tai, Newport Beach) was tuned to 780nm and used in conjunction with the Zeiss LSM880 laser scanning microscope (51). The laser beam was then focused on a small section of the nucleus (3 µm x 3 µm) which avoided the nucleolus or nuclear envelope and a frame scan acquired (256 x 256 pixels, 32.77µs/pixel, total acquisition time 1.15s) at a power found to recruit DNA repair factor Ku-GFP or eGFP-53BP1 ( Supplementary   Fig. 2 ). FLIM-FRET microscopy was performed in parallel using the microscope and acquisition settings described above. FLIM-FRET acquisitions were recorded before laser micro-irradiation at the following time points after this treatment: (1) 
Laser micro-irradiation and live cell imaging of eGFP-53BP1 mobility during the DDR
The Zeiss LSM880 laser scanning microscope was employed for live cell imaging of eGFP-53BP1 localisation and mobility. Specifically, a 60 X water immersion objective 1.2 NA (Zeiss, Germany) was used for all experiments and then a time series of eGFP-53BP1 intensity was acquired using the following microscope settings: 64 x 64 pixels, 8.19 μs/pixel, 2048 frames.
eGFP was excited with the 488 nm emission line of an Argon laser and detected using the 510-560 nm emission range. The pair correlation analysis was performed in the SimFCS software developed at the LFD (www.lfd.uci.edu).
Wide-field live cell imaging of HeLa
H2B-2FP
Live cell imaging shown in Supplementary figure 1 was performed on a ZEISS Cell Observer inverted wide field microscope with a ZEISS HXP 120C mercury short-arc lamp and compatible filter cubes, using a 20x 0.8 NA air objective. Cells were plated on glass-bottom MatTek 6-well plates and images captured every six minutes for sixty-five hours at 37⁰C, 10% CO2, and atmospheric oxygen. Mitotic duration and outcome were scored by eye using Zen software (ZEISS).
Immunofluorescence
Cells cultured on Alcain blue-stained glass coverslips were fixed with 2% paraformaldehyde in 1x PBS at room temperature for 10 min. The cells were rinsed in 1x PBS, the permeabilized in KCM buffer for 10 minutes (120 mM KCl, 20 mM NaCl, 10 mM Tris pH 7.5, 0.1% Triton X-100). Samples were blocked and RNAse treated in ABDIL (20 mM Tris pH 7.5, 2% BSA, 0.2% Fish Gelatin, 150 mM NaCl, 0.1% Triton, 0.1% Sodium Azide) containing 100 µg/mL RNAseA (Sigma) plus 2% normal goat serum (v/v) for one hour at room temperature. Samples were overlayed with 1:1000 primary antibody in ABDIL overnight at 4°C in a humidity chamber. The following day the cells were washed three times for five minutes with shaking in 1xPBS+1% tween (1x PBST), before overlaying with 1:1000 secondary antibody in ABDIL plus 2% normal goat serum (v/v) for one hour at room temperature. The slides were washed again as described above with DAPI added to the second wash at 50 ng/ml. Slides were dehydrated through a 70, 90 and 100% ethanol series by washing for 3 min in each condition, then air dried and mounded with prolong gold (Thermofisher). Images were captured on a ZEISS AxioImager Z.2 with a 63x 1.4 NA oil objective, appropriate filter cubes and an
Axiocam 506 monochromatic camera using Zen software (ZEISS).
Western Blots
Cells were collected with trypsin and the reaction quenched with growth media containing 
Oligonucleotides
Please see supplementary table 1 for a list of the oligonucleotides used in this study. All oligonucleotides were produced by Integrated DNA Technologies (Singapore).
Antibodies
The following antibodies were used in this study: ATM ( 
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